This paper reports the results for the pH of three buffer solutions free of chloride ion. The remaining six buffer solutions have saline media of the ionic strength I = 0.16 mol·kg -1 , matching closely to that of the physiological sample. Conventional pa H values for the three buffer solutions without the chloride ion and six buffer solutions with the chloride ion at I = 0.16 mol·kg -1 from 5˚C to 55˚C have been calculated. The operational pH values for five buffer solutions at 5˚C and 55˚C have been determined based on the difference in the values of the liquid junction potentials between the blood phosphate standard and the experimental buffer solutions. Five of these buffers are recommended as standards for the physiological pH range 7.5 to 8.5.
Introduction
The buffer substances recommended by Good et al. [1] [2] [3] have proven very useful for the measurement of the pH of blood and the control of pH in a region close to that of physiological solution. In biomedical, biological, and clinical laboratories, knowledge of the pH of blood and physiological fluids is of great importance. Previously, we have reported the pK 2 values of 2-[N-morpholino] ethanesulfonic acid (MES) [1] at temperatures from 5˚C to 55˚C, including 37˚C. This zwitterionic buffer system has been recommended by Good and coworkers [2, 3] for use as a physiological buffer. The structure of MES is as follows:
Standardization for calibrating electrodes of the pH meter assembly at a point close to the pH of blood (that is, 7.407) can be obtained within the framework of the former National Bureau of physiological phosphate pH buffer as a primary standard [4] . The phosphate buffer has been widely used as a physiological pH standard, but it is not an ideal primary pH standard buffer for physiological use at an ionic strength of I = 0.16 mol·kg -1 . The disadvantages are as follows: 1) phosphates act as inhibitors to enzymatic processes; 2) phosphate precipitates occur with some polyvalent cations, such as Mg 2+ and Ca 2+ , present in the blood; and 3) the temperature coefficient of the phosphate buffer is -0.0028 pH unit/K as compared to that of whole blood (-0.015 pH unit/K) and plasma (0.01 pH unit/K) [5] .
Good and his associates [2, 3] provided 25 primarily new biological buffers which are mostly compatible with common physiological media. They outlined suitable criteria for the evaluation of these materials. Roy et al. [6] have published the pK 2 and pH values of the biological buffer [bis(2-hydroxyethyl)amino]acetic acid (BICINE), and the values of pH for the zwitterionic buffer N-[tris (hydroxymethyl)methyl-3-amino]propanesulfonic acid (T-APS) [7] . Both of these buffers have been recommended as pH standards in the range of physiological application. Feng and coworkers [8] have published the values of pK 2 and pH of the zwitterionic buffer N- (2-hydroxyethyl) piperazine-N-2-ethanesulfonic acid (HEPES). The HEP-ES buffer has been certified by the National Institute of Standards and Technology (NIST) as a primary reference standard [8] . The values of pK 2 and pH for 3-(N-morpholino)propanesulfonic acid (MOPS) [9] and 3-(Nmorpholino)-2-hydroxypropanesulfonic acid (MOPSO) [10] have been reported. The pH of these solutions closely matches that of the common clinical media. In 1973, Bates et al. [11] recommended pH standard for a buffer solution of 0.06 m TRICINE + 0.02 m NaTRICINEate. Goldberg et al. [12] reported the results of the thermodynamic quantities of about 68 physiological buffers. The comprehensive review article indicated that no results of pH are available in the literature for MES.
We now propose to investigate MES in order to provide very accurate and reproducible pH values in the range of physiological application.
Materials and Methodology
MES was obtained from Research Organics (Cleveland, OH). The details of the purification by further crystallization as well as the determination of the assay have been reported in an earlier paper [1] . In the present study, the analyses of the unpurified and purified MES were 99.71% and 99.88% pure, respectively. All mass measurements were made with a mass factor uncertainty of 0.02% including the substance MES, NaCl (ACS reagent grade dried at 110˚C), a standard solution of NaOH to prepare NaMES, and finally calculated amounts of CO 2 -free doubly distilled water. Air buoyancy corrections were applied for all masses used.
The following buffer compositions on the molality scale are given:
(a) MES (0.04 mol·kg The preparation of the hydrogen electrodes and the silver-silver chloride electrodes of the thermal electrolytic type [13] , the design of the all-glass cells, the purification of the hydrogen gas, preparation of the solutions, control of temperature, and use of digital voltmeter have been reported previously [1, 9] ) and its solutions are recommended for pH measurements in physiological solutions. Pt(s), H 2 (g, 1 atm)│phosphate buffer││ KCl(satd)│Hg 2 Cl 2 (s), Hg(l) (C) The values of the liquid junction potential, E j , for the physiological phosphate solutions and other experimental buffer solutions of MES from cell (B) were obtained [8, 9] using the following equation [9] :
where E is the emf value in volt dependent on the buffer compositions, SCE = -0.2415 V, k = 0.059156 V, and pH = 7.415 (physiological phosphate buffer solution) at 25˚C; = -0.2335, k = 0.061538 V, and pH = 7.395 at 37˚C. We have attempted to calculate values of the liquid junction potential for five buffer solutions out of nine buffer solutions. The difference in E j between the phosphate standard and each experimental buffer solution is an important factor when different standards are selected to obtain the values of the operational pH for an unknown medium. This error can be estimated by the operational definition of pH, indicated as pH(x): the cell potential (E) listed in Tables 1 and 2 , the molality of the chloride ion, and E˚, the standard potential of the silver-silver chloride electrode are listed at the bottom of Table 1 . The expression for the acidity function [11, 13] is given by:
. If δE j = 0, then Equation (2) takes the form:
Results

( ) log
The cell potential data for cell (A) containing three buffer solutions without the presence of the chloride ion, and six buffer solutions in which NaCl has been added to make I = 0.16 mol·kg -1 , have been corrected to a hydrogen pressure of 101.325 kPa. The values of the cell potential at 25˚C are the average of two or three readings (at the beginning, in the middle, and sometimes at the end of the temperature run). Duplicate cells usually gave readings on the average within (0.02 ± 0.01) mV in the temperature range 5˚C to 55˚C. All these results are listed in Tables 1 and 2, respectively. where k is the Nernst slope.
Values of the acidity function p(a H γ Cl ) were derived at each temperature for each buffer solution and were plotted as a function of m Cl -, straight lines of small slopes were obtained. The values of the intercepts, p(a H γ Cl )˚, for three buffer solutions without the presence of NaCl listed above from (a) to (c), were calculated using Equation (5) and are given in Table 3 . The acidity function, p(a H γ Cl ) for six buffers (d)-(i) listed above are entered in Table 4 from 5˚C to 55˚C. The uncertainty (mean deviation) introduced in this type of graphical extrapolation is usually less than 0.002 from the lines drawn. Conventional pa H values for the three solutions without the presence of the chloride ion were calculated by the following expression:
Conventional pa H values have been evaluated by the method of Bates et al. [11, [14] [15] [16] Table 4 . p(a H γ Cl ) of (MES + NaMES) buffer solutions from 5˚C to 55˚C, computed using Equation ( tained from the liquid junction cell are referred by the "operational" pH, whereas the "conventional" pH calculated from Equation (5) is designated as pa H . The convention is reasonable but is not subject to any proof. The Equation (6) of a "pH convention" [4] , based on an extended Debye-Hückel equation, has been widely used. In the assignment of pa H values and in the establishment of NIST pH standard [8, 10, [14] [15] [16] [17] [18] , the calculation of B are the Debye-Hückel constants [6] [7] 13] , hydrolysis of the buffer species is negligible, C is an adjustable parameter, Ba˚ was taken to be 1.38 kg ½ ·mol -½ at all temperatures [9] . In the Bates-Guggenheim convention [4] , the value of Ba° was assigned to be 1.5 kg 
where C 25 = 0.032 mol·kg -1 at 25˚C and T is the absolute temperature [8] .
The values of pa H are listed in Table 5 for three buffer solutions of MES without NaCl. These are calculated using Equations (4)- (7) and are expressed as a function of temperature.
For MES (0.04 mol·kg 
Discussion
The MES is a zwitterionic buffer material. It is like a neutral molecule and hence makes no contribution to the ionic strength. The values of K 2 of MES lie between 10 -6 and 10 -8 and hence are useful in the preparation of buffer solutions for pH control in the physiological interest. Similar recommendations were made for two other buffer systems, HEPES [19] and HEPPS [20] , which are useful for pH measurements in the clinical laboratory.
The cell potential data of the cells (B) and (C) at 25˚C and 37˚C are given in Table 7 . By means of the flowing Table 6 . pa H of (MES + NaMES) buffer solutions from 5˚C to 55˚C, computed using Equations (4) junction cell, the values of E j listed in Table 8 were estimated by using Equation (1). As evident from the pH data at 25˚C and 37˚C from Table 9 , there is a wide variation in pH (as high as ±0.04 pH units). There is no known experimental method for accurately determining the single-ion activity coefficient, 10 log Cl   . Partanen and Minkkinen [19] , as well as Covington and Ferra [20] , used the Pitzer theory approach for the estimation of the single ion activity coefficient at ionic strengths higher than 0.1 mol·kg -1 in the calculation of the pH standards of the phosphate buffer solutions. In separate publications from this laboratory, the pa H values of eight different buffer solutions will be reported by using Pitzer formalism for an ionic strength I = 0.16 mol·kg -1 at 25˚C and 37˚C. The calculation of a E j = E + SCE -k˚ pH from Equation (1) is the Emf from Table 7 , k = Nernst slope with values 0.059156 at 25˚C, and 0.061538 at 37˚C; the pH of the primary reference standard phosphate buffer is 7.415 and 7.395 at 25˚C and 37˚C; SCE = electrode potential of the saturated calomel electrode = -0.2415 and -0.2335 at 25˚C and 37˚C [14, 15] , respectively; units of m, mol·kg -1 . Table 7 ; b Obtained from Equation (2) and E j data in Table 8;  c Obtained from Tables 5 and 6. the flowing junction cell; 4) error in the experimental emf measurement (±0.02 mV); and 5) standard potential of the Ag-AgCl electrode (±0.03 mV). The overall uncertainty is about ±0.009 pH unit.
Conclusions
All emf data are stable, reliable, and accurate. The MES buffer solutions are considered as standards of assigned pa H and will be useful when buffer solutions of known conventional pa H are required. From Table 9 , uncertainty in pH values obtained with and without liquid junction is ±0.001 pH. Thus the operational pH values at 25˚C and 37˚C (Table 9) for one buffer solution with NaCl and four buffer solutions matching the ionic strength of blood serum are recommended as secondary pH standards for the measurement of the pH of blood and other physiological fluids.
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